1 H nuclear magnetic resonance cryoporometry has been applied to study the low-temperature phase separation of the two components in a binary liquid imbibed in porous glass. The mixture of hexane and nitrobenzene was quenched below both its upper critical temperature and the freezing point of the nitrobenzene. The size distribution of phase-separated liquid domains was observed through their melting point suppression that reveals small droplets of nitrobenzene surrounded by hexane within the pores. If the bottlenecks of the porous network allow, some of these droplets coalesce and thereby completely fill parts of the network.
I. INTRODUCTION
Differences in liquid-surface interaction between the components as well as the structure of the porous host lead to a rich variety of phase separation phenomena in critical binary liquids confined in porous materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] As one example, the critical parameters, such as the critical temperature and composition may be shifted away from their bulk values. [1] [2] [3] [4] These and related phenomena have attracted theoretical and experimental attention for a long time. One particularly interesting point is the slow, as compared to that in bulk, kinetics of phase separation which leads to liquidliquid ͑L-L͒ equilibrium in the two-phase region that is metastable on the laboratory time scale. 4 -8 Theoretically, these observations are usually described either by the random field Ising ͑RFIM͒ 9 or by the single-pore ͑SPM͒ models. 10 To date, no agreement seems to have been reached as to which one of these to prefer in random porous materials, such as controlled porous glasses ͑e.g., Vycor from Corning or CPG from CPG, Inc.͒; some experimental data apparently confirm predictions by RFIM, 1, 3, 11 while other ones claim to support SPM. 5, 12 The presence of a solid matrix certainly complicates the analysis of data from methods like light and neutron scattering 1, 3, 11, 12 and, hence, some features may remain hidden. Recently, nuclear magnetic resonance ͑NMR͒ spectra together with some self-diffusion data in the anilinecyclohexane critical mixture in a Vycor porous glass ͑pore size in the order of 7 nm͒ were interpreted in terms of no discernible microscopic phase separation. 13 Instead, ''the presence of continuous spatial variations of composition without distinct interfaces'' was concluded, which is inconsistent with both RFIM and SPM.
In this work, we present NMR cryoporometry 14 as a probe of the structural properties of the L-L distribution in a random solid environment. We anticipate that this method proves to be free of some of the difficulties and artifacts other methods may have and thereby can help to answer persistent questions. The main idea consists of cooling a binary mixture of liquids A and B to a temperature T* that is far below both the upper critical solution temperature of the mixture T cr and the freezing point of one of its components T f r B . Moreover, since materials with T cr ϾT f r B are selected, one first obtains a L-L phase separation. On further cooling below T f r B , domains of the B-rich phase freeze but, for T* ϾT f r A , A-rich domains remain liquid. Due to the slow domain growth in small random pores, the relative geometrical configuration of the phases, and subsequently, of the B-rich domains ͑below also referred to as crystals͒, is preserved until and during freezing. Starting from T*, the system is then slowly warmed which leads to melting of the frozen B-rich domains. For a crystal of diameter d this occurs at the melting temperature T m (d) that is lower than the bulk melting temperature as given by the Gibbs-Thompson equation:
where is the surface energy of solid-liquid interface, ᭝H f is the bulk enthalpy of fusion, and is the mass density of the crystal. 
II. EXPERIMENT
In the present work, we investigated the binary mixture of nitrobenzene and n-hexane with the near-critical volume fraction of nitrobenzene NB ϭ0.36Ϯ0.02 and the upper critical solution temperature T cr ϭ293.2 K. The merit of this mixture is the large difference between the bulk freezing points (T f r NB ϭ278.9 K and T f r HX ϭ178.2 K͒ and between the two 1 H chemical shifts (Ϸ6.5 ppm͒ of the components. Uncoated controlled porous glasses ͑CPG's͒ of pore sizes 24 and 73 nm were used as obtained from CPG, Inc. ͑Lincoln Park͒; the two glasses are denoted by G24 and G73. Prepared by a spinodal decomposition process, G24 and G73 were both characterized by the manufacturer to consist of 120Ϭ150 m diameter particles that contain a highly networked intraparticle porous structure with a narrow distribution of pore diameters ͑80% of pores within 24Ϯ1.0 nm and 73Ϯ4.7 nm͒. Liquid mixtures of volumes that were calculated ͑from the weight of the glass and the nominal pore volume fraction͒ to match the total intraparticle pore volumes were imbibed into the CPG's at Tϭ323 KϾT cr . Thereafter, the samples were sealed in 5 o.d. NMR tubes and kept at 323 K for an additional 24 hours to reach equilibrium before the measurements. By a similar procedure, CPG's filled by pure nitrobenzene were also prepared. Measurements were also performed on the bulk liquid; in that sample the phase separation below T cr resulted two visibly separated liquid columns above each other in the NMR sample tube with a sharp boundary in-between.
All experiments were performed on a Bruker DMX-200 spectrometer equipped with a BVT-3000 temperature controller with a reproducibility and stability better than Ϯ0.1 K. The temperature points were calibrated by in situ Pt100 resistors. Starting at temperatures above T cr , the samples were cooled at a rate of 0.2 K/min down to 250 K. At this temperature, the nitrobenzene phase was frozen as demonstrated by the almost complete lack of its NMR line ͑left peak in Fig. 1͒ in the spectrum recorded by the 90°--180°s pin echo pulse sequence with ϭ5 ms. On the other hand, the intensity of the hexane signal ͑right peak in Fig. 1͒ remained constant ͑within a few percent͒. Thereafter, the temperature was slowly (0.1 K/min͒ increased and the intensity of the obtained liquid NMR signal of nitrobenzene is shown in Fig. 2 .
Two additional experiments, aimed at controlling the effect of the experimental procedure itself on the obtained size distributions, were also performed. In the first, the samples were kept for several hours at temperatures below T cr but above T f r B . Thereafter, the procedure continued with freezing the B-rich domains as described above. In the second experiment, after the melting step, we have repeated the freezing/ melting of the sample starting from Tϭ275.0 K ͑below T cr ) and obtained the data on the repeated melting. Importantly, the results from these experiments were identical within experimental error to those obtained as described in the previous paragraph. Some 1 H NMR diffusion experiments 16 were also performed by the ''13-interval'' stimulated echo pulse sequence 17 ͑used to avoid the influence of internal magnetic field gradients͒ with 5 ms delay between the first and second 90°radiofrequency pulses and ␦ϭ1 ms long gradient pulses.
The decays A(g,t D ) of the hexane and nitrobenzene signals were recorded with increasing gradient strength g for different diffusion times t D . The diffusion coefficients of the mixture components obtained by fitting the conventional Stejskal-Tanner expression 16 to the experimental decays A(g,t D ) with t D in the 10Ϫ640 ms range coincided within experimental error. The small size of the pores explains the absence of dependency of the obtained diffusion coefficient on the diffusion time: at, t D ϭ10 ms the diffusion coefficient has already attained its long-time constant value which indicates homogeneous structure on the length scale of 1 m and above. The obtained diffusion coefficients are shown in Fig. 3. Since ͑i͒ A(g,t D ) decayed as a single-exponential function on increasing g 2 , and ͑ii͒ the obtained diffusion coefficients were smaller than those in the bulk mixture; the diffusion experiments prove that only the intra-particle volume is filled by the liquid and there are no pools of unimbibed liquid between the particles. Moreover, the diffusion coefficients were identical (5.1ϫ10 5% experimental error when measured before freezing and after melting at 265.1 K. This is an indication that the liquid distribution in the porous glass does not significantly change, as an effect of freezing/melting the sample, on the length scale (␥␦g) Ϫ1 Ϸ0.5 m probed by the NMR diffusion experiment.
III. RESULTS AND DISCUSSION
Because of supercooling, it was necessary to cool all samples to 250 K in order to freeze the nitrobenzene-rich domains. Important to note that the small amount of hexane in nitrobenzene suppresses somewhat the freezing point as also confirmed by the well-defined melting temperature T m ϭ272.5Ϯ0.2 K of the nitrobenzene-rich part of the bulk mixture ͑recall T f r NB for pure nitrobenzene͒. NMR cryoporometry data ͓not shown, evaluated with KϷ125 K/nm 2, 18 and T f r NB ϭ278.9 K via Eq. ͑1͔͒ from pure nitrobenzene imbibed in G24 and G73 provide the pore-size distribution functions shown in Figs. 4 and 5 by the dashed lines. Note that the observed peaks of these distribution functions are within 10% of the nominal pore sizes provided by the manufacturer. This also indicates the negligible influence of temperature gradients within the samples on the obtained results. The use of nitrobenzene instead of hexane to probe the pore-size distribution is preferred because of the higher sensitivity ͑due to its higher and melting temperature͒ of the nitrobenzene to pore sizes.
In contrast to the behavior of the bulk mixture, the melting of the nitrobenzene-rich part of the nitrobenzene-hexane mixture in the G24 and G73 glasses is spread over broad temperature ranges depending on the pore size as shown by Fig. 2 . The size distribution of frozen domains that causes this spread can be calculated from the data in Fig. 2 using Eq. ͑1͒ with the parameters ⌬H f and corresponding to the mixture. The bulk enthalpy of fusion ⌬H f for pure hexane and nitrobenzene (13.1 kJ/mol and 12.1 kJ/mol, respectively 19 ͒ are close and one can plausibly assume that the nitrobenzene ⌬H f in the mixture will remain unchanged. Because of the almost complete immiscibility of the hexane and nitrobenzene at these temperatures, the interface between the molten and frozen parts of a nitrobenzene-rich domain that appears upon melting is controlled mostly by nitrobenzene molecules. Hence, we can estimate K to have approximately the same value as for pure nitrobenzene, while we can use T m ϭ272.5 K for the unsuppressed melting point ͑recall the effect of dissolved hexane͒. The obtained domainsize distribution functions are shown in Figs. 4 and 5. Note that changing ⌬H f and only shifts the distribution functions but does not change their shape. The nitrobenzene domain-size distribution in G24 in Fig. 4 is unimodal with a maximum far below the actual pore size. In contrast, the same function is bimodal in G73, as shown by Fig. 5 , with the higher of the two maxima coinciding with the actual pore size.
The self-diffusion coefficients D of hexane and nitrobenzene are presented in Fig. 3 . Starting with the bulk mixture, D HX and D NB are close at temperatures below melting. Since the detection excludes signal from the frozen nitrobenzene phase, D NB measured at these temperatures belongs to a small fraction (2 -3%, concluded from the signal intensity; see Fig. 1͒ nitrobenzene molecules dissolved in the hexanerich part of the sample. At the melting point of the nitrobenzene-rich part, D NB falls abruptly by about a factor of three, reflecting that most of the signal now arises from liquid nitrobenzene with a molecular mobility lower than that of nitrobenzene dissolved in liquid hexane. 20 The mixtures imbibed in the CPG's behave somewhat differently as shown by Fig. 3 . Although D NB is markedly less than that in bulk mixture, the decrease of D NB on melting is still observed. In contrast to nitrobenzene, the hexane diffusion is only weakly influenced by the melting of the nitrobenzene domains. Since at the applied diffusion times the hexane molecules probe length scales of m ϳͱDt D that much exceeds the individual pore sizes, the liquid hexane network is indicated to remain continuous.
If we assume that the two porous glasses have the same structure with the sole difference of the size of the structural features such as pore ''bulbs'' and the connecting bottlenecks, the results suggest the following scenario of phase transition. First, on decreasing the temperature below T cr Ϸ293.2 K ͑but far above T f r NB !͒ nitrobenzene droplets are formed in the interior of the pores while the hexane-rich phase completely wets the surface of the glass. The occurrence of phase separation in the vicinity of the bulk T cr is supported by the results of other experimental techniques ͑dielectric spectroscopy, light scattering͒ applied to the hexane-nitrobenzene mixture in CPG's of similar pore sizes. 2 The size of these initial phase-separated droplets of the minority nitrobenzene-rich component is small and defined by the nature of the two phase-separating liquids. Given enough time, the initial droplets coalesce and thereby the average size of droplets grows. How far this process progresses depends on the bottlenecks of the porous network that block droplets over a certain size from passing. In the G24 glass with small pores and small bottlenecks, most of the initial droplets within a pore are kept by the bottlenecks for a long enough time to coalesce into a single droplet within the pore. In a spherical pore model, the volume fraction of these final droplets can be obtained from the cryoporometry data to (15.5/23.5) 3 Ϸ0.3 where 15.5 nm and 23.5 nm are the maxima of the two size distribution functions in Fig. 4 . This compares well to the volume fraction of nitrobenzene in the mixture ͑0.36͒. On the other hand, the bottlenecks in the G73 glass are sufficiently large with respect to initial droplet size to let many of the initial droplets pass and thereby some nitrobenzene-rich droplets can grow enough to completely fill a few of the pores. These nitrobenzene filled pores provide the large-diameter peak of the bimodal distribution in Fig. 5 .
The validity of these conclusions derived from the obtained crystal-size distribution functions depends crucially whether or not the structure ͑morphology and domain-size distribution͒ of the nitrobenzene domains is preserved during freezing. Our main experimental evidence is the identity of the results obtained on refreezing of the samples. Note that any redistribution of nitrobenzene during freezing is driven by a difference of the nitrobenzene chemical potential between frozen and unfrozen nitrobenzene droplets. This, for one solid and one liquid droplet, can be expressed as
where the indexes s and l denote the frozen and unfrozen droplets and ␥ s and ␥ l are the surface energies (ϵ␥ s Ϫ␥ l ). With ⌬Ͼ0, the liquid droplet may be eliminated by molecular diffusion from it to the solid droplet. Since T ϷT m , the dominant driving force for this is the size difference between the droplets. Hence, as long as a size distribution of domains exists, repeated freezing/melting should lead to a diminishing fraction of small domains. Our experimental evidence ͑unchanged size distribution obtained by repeated freezing/melting͒ does not support such a scenario from which we conclude that freezing keeps the spatial distribution of the nitrobenzene domains intact. This conclusion is further supported by computer simulation studies that yield a very slow growth of the minority domains in pores at temperatures below T cr .
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IV. CONCLUSIONS
As demonstrated above, NMR cryoporometry may provide an alternative to other methods, such as confocal microscopy 21 that can be applied only in optically transparent objects, to study liquid-liquid phase separation in porous materials. The results clearly prove the presence of a microscopic phase separation and are, as yet, not in conflict with the predictions either of RFIM 1, 3, 11 or of SPM 5,12 about the initial droplets. On the other hand, neither of these models considers droplet coalescence. The last mechanism may lead to a more complicated picture of the liquid-liquid equilibrium than those predicted by RFIM or SPM. Further experiments involving both higher and lower pore sizes may settle this latter issue. While, as inferred from our present data, coalescence seems to be an important pathway of droplet growth, it might also be interesting to study the long-time evolution of the obtained size distribution function in the G24 glass that might, in that glass, be dominated by Ostwald ripening through molecular diffusion 22, 23 instead of coalescence.
